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Rapid visual detection of Mycobacterium avium subsp.
paratuberculosis by recombinase polymerase amplification
combined with a lateral flow dipstick

Guimin Zhao'*', Hongmei Wangl’”, Peili Hou'?, Chenggiang He'?, Hongbin He'*
IKey Laboratory of Animal Resistant Biology of Shandong, College of Life Science, and ’Ruminant Disease Research Center, Shandong Normal University,
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Paratuberculosis (Johne’s disease) is a chronic debilitating disease of domestic and wild ruminants. However, widespread point-of-care testing
is infrequent due to the lack of a robust method. The isothermal recombinase polymerase amplification (RPA) technique has applied for rapid
diagnosis. Herein, RPA combined with a lateral flow dipstick (LFD) assay was developed to estimate DNA from Mycobacterium avium subsp.
paratuberculosis. First, analytical specificity and sensitivity of the RPA-nfo primer and probe sets were assessed. The assay successfully
detected M. paratuberculosis DNA in 30 min at 39°C with a detection limit of up to eight copies per reaction, which was equivalent to that
of the real-time quantitative polymerase chain reaction (QPCR) assay. The assay was specific, as it did not amplify genomes from five other
Mycobacterium spp. or five pathogenic enteric bacteria. Six hundred-twelve clinical samples (320 fecal and 292 serum) were assessed by
RPA-LFD, gPCR, and enzyme-linked immunosorbent assay, respectively. The RPA-LFD assay yielded 100% sensitivity, 97.63% specificity,
and 98.44% concordance rate with the qPCR results. This is the first report utilizing an RPA-LFD assay to visualize and rapidly detect M.
paratuberculosis. Our results show this assay should be a useful method for the diagnosis of paratuberculosis in resource-constrained settings.
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Introduction

Paratuberculosis (Johne’s disease) caused by Mycobacterium
avium subsp. paratuberculosis is a chronic debilitating disease
of domestic and wild ruminants. The main characteristics of
paratuberculosis are chronic granulomatous enteritis and
refractory diarrhea [10,21]. It can result in significant economic
loss to animal husbandry due to increased susceptibility to other
diseases, reduced production performance, and premature
elimination [5]. In China, cattle, sheep, and special economic
animals, such as domestic sika deer, red deer, and alpaca have
been infected [13]. For the diagnosis of paratuberculosis, the
enzyme-linked immunosorbent assay (ELISA) is the national
standard method in China. In addition, ELISA and the real-time
quantitative polymerase chain reaction (qQPCR) assay are the
most widely used in paratuberculosis  screening.
Paratuberculosis antibody-positive animals can be detected in

most provinces of China, and the seroprevalence of antibodies
against M. paratuberculosis was reported as 11.7% (121/1,038)
at the herd level [21]. However, the positive rate for small farms
is higher than that for large farms [21].

There is currently no effective vaccine to prevent
paratuberculosis; at the same time, there is a lack of corresponding
prevention and control measures in China. Individual cattle
showing diarrhea and emaciation are screened at some cattle
farms, and some farmers seek an active way of eliminating or
controlling the disease through the elimination of infected
animals. At present, six endemically infected countries have
developed a plan for prevention and control [6]. Quick diagnosis
could facilitate control; however, widespread point-of-care
testing is infrequent due to the absence of a robust control
method. The primary focus of the work reported here was to
develop a rapid, sensitive, on-site testing method that combined
recombinase polymerase amplification (RPA) with a lateral
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flow dipstick (LFD) assay for use in the specific detection of M.
paratuberculosis in the field [1,8,11].

Obtaining a quick diagnosis of an M. paratuberculosis
infected animal is a prerequisite for paratuberculosis prevention,
and developing a rapid and sensitive molecular diagnostic
technique for use in paratuberculosis eradication is of significant
importance. The use of culture methods to detect viable bacteria
is labor-intensive, time-consuming, and has longer turnaround
times than many molecular tests. Although detection technology
of molecular biology assays, such as PCR and qPCR assays,
have shown high specificity and sensitivity, these methods
require a professional diagnostic laboratory, thermal cycling
equipment, and experienced operators. Access to such diagnostic
applications is limited in poor and/or disease epidemic areas,
especially in developing countries. In the absence of such
diagnostic equipment, it is difficult to make an accurate diagnosis
of the animal’s disease at point-of-care locations. Therefore,
developing a point-of-care-located, rapid diagnostic method
would be very helpful for paratuberculosis eradication or
control.

Recently, RPA, an isothermal technique for DNA amplification
emerged as a novel molecular technology for rapid, low-resource
use diagnostics. It includes three kinds of detection methods for
testing the DNA amplification result [14]. In addition, an
RPA-LFD combination is more beneficial for clinical point-
of-care diagnoses. At present, RPA assays have been established
and reported for the rapid detection of several pathogens
[1,11,18]. Moreover, a real-time RPA assay for detecting M.
paratuberculosis DNA has also been developed [7]. However,
an RPA-LFD assay for M. paratuberculosis detection has not
been established. In this study, we developed a sensitive and
specific RPA-LFD assay to detect DNA from M. paratuberculosis
by using nucleic acid isolated from clinical fecal samples.

Materials and Methods

Ethics statement

Fecal samples were collected and handled with good animal
practices as required by the Chinese Regulations of Laboratory
Animals (Ministry of Science and Technology of People’s
Republic of China, 20110108). The animal study proposal was
approved by the Experimental Animal Ethics Committee of
Shandong Normal University (approval No. 20160901).
Animal owners provided oral consent as per the national ethical
regulations.

Strains and clinical samples

The reference strain M. paratuberculosis (Table 1) was
purchased from the BeNa Culture Collection (BNCC, China)
and grown on media following the instructions provided by
BNCC. Between September 2016 and September 2017, 320
individual fecal samples and 292 individual serum samples
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were collected from 10 different dairy farms located in ten
distinct geographic regions of Shandong province, China. The
herds were selected at random and herd size varied between 200
and 800 animals. There was no history of paratuberculosis in
these farms and no results of previous serological tests.
Approximately 10% of the animals (adult cows over 24 months
old showing diarrhea and emaciation) were selected for
sampling. All fecal samples were collected by local field clinical
veterinarians via per-rectal drags and were kept at 4°C for up to
48 h for DNA extraction. Serum samples were collected from
cattle tail vein by using a 10 mL sterile syringe and 5 mL were
kept in a coagulant tube. The genomic DNA of the reference
strain and clinical samples was extracted by using a bacterial
genome DNA extraction kit and a stool DNA kit (Tiangen
Biotech, China). Specific extraction steps were carried out in
accordance with the manufacturer’s instructions. DNA extracted
from field fecal samples was tested by RPA-LFD and qPCR
assays, serum samples were tested by ELISA. During analysis,
the results from two different assays were compared.

Generation of DNA standard

The extracted DNA of M. paratuberculosis was amplified
using the 2x EasyTaq PCR Supermix kit (Beijing TransGen
Biotech, China). Forward primer, 5'-ATCAGCGCGGCAC
GGCTCTTG-3’, and reverse primer, 5'-CGGGTAGTTACCG
CGGCGAAG-3’, were used to amplify 632 nucleotides of the
15900 gene of M. paratuberculosis (691-1322 of GenBank
accession No. S74401.1; National Center for Biotechnology
Information, USA). The PCR temperature profile was as follows:
initial activation at 94°C for 3 min, 35 cycles of 94°C for 30 sec,
58°C for 30 sec, and 72°C for 30 sec, and a final extension step
of 72°C for 10 min. The amplified fragment was ligated into the

Table 1. Strains used for specificity testing

No. Bacterium Strains
1 Mycobacterium avium subsp.  BNCC126126*
paratuberculosis
2 Mycobacterium bovis ATCC19210°
3 Mycobacterium tuberculosis ATCC27294
4 Mycobacterium avium BNCC125140*
5 Mycobacterium phlei BNCC152928*
6 Mycobacterium smegmatis BNCC138406"
7 Escherichia coli O157:H7 BNCC186579*
8  Salmonella typhimurium BNCC173309*
9 Campylobacter jujuni Clinical separation
10 Clostridium perfringens BNCC185933*
11 Leptospira interrogans BNCC103800*

*These strains were purchased from the BeNa Culture Collection (China)
a biotechnology research institute. These strains were preserved in our
laboratory.
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plasmid pEASY-T3 cloning vector by using the pEASY-T3
cloning kit (Beijing TransGen Biotech) and designated as
pEASY-T3-MAP. The pEASY-T3-MAP standard DNA was
extracted by using the TIANpure mini plasmid kit (Tiangen
Biotech) and measured by using a NanoPhotometer P-Class
P360 (Implen, Germany). The DNA copy number was
calculated as described previously [19]. The DNA standard was
then stored at 20°C until needed.

RPA-nfo primer and probe design

The primer and lateral flow probe for the RPA-lateral flow
(RPA-nfo) reaction were designed on the basis of the content of
the appendix to the manual for the TwistAmp reaction kit
(TwistDx, UK). Molecular biology detection genes are generally
based on the 1S900 gene sequence for M. paratuberculosis;
therefore, six combinations of candidate primers (6 forward and
2 reverse) and two probes were designed according to this gene
sequence (Table 2). A specificity analysis was performed by
using BLAST and the amplification locus of a 632 nucleotide
region indicated 100% identity (query coverage 100%) with
that of the M. paratuberculosis 1S900 gene. There were no
matches to other bacteria.

The detail sequence and the modification information are
displayed in Table 2. Synthesis and modifications of the
oligonucleotides were accomplished by Sangon Biological
Engineering, China. Initially, the RPA-nfo reaction system was
optimized. The 50 uL reaction volume was prepared according
to the instructions for the TwistAmp nfo kit (TwistDX); the
volumes of primer and probe (10 uM) were adjusted in
accordance with the manufacturer’s recommendations. Amounts
of rehydration buffer (29.5 uL), DNA template (2 uL), and 280
nM magnesium acetate (2.5 uUL) were kept constant. The

beginning of the reaction was controlled by the magnesium
acetate. All test samples were incubated for a prototypical 30
min at 37°C; the heating equipment was a thermostatic water
tank (Shanghai Jing Hong Laboratory, China) unless otherwise
noted. The RPA products were purified by using MiniBEST
DNA fragment purification kit (ver. 4.0; TaKaRa, China). The
size of the RPA oligonucleotides was detected by performing 2%
agarose gel electrophoresis (Agarose Broad Range; Beijing
TransGen Biotech) with ethidium bromide staining. Because
specific amplification was essential for the primer and probe
properties, the specificity of primer and probe was first resolved
by performing agarose-gel electrophoresis. When the lateral
flow probe is cut by the nfo nuclease at the dSpacer position, the
probe is transformed into a primer and acts by priming the
polymerase extension. Therefore, there were two bands visible
in the electrophoresis results.

Lateral flow dipstick assay

Visualization of RPA-nfo amplicons was carried out by using
LFD assays (HybriDetect; MileniaBiotec, Germany), with the
specific assay steps performed according to HybriDetect’s
instructions. Briefly, 2 uL of the RPA-nfo product and 98 puL of
the HybriDetect assay buffer were blended adequately in a 200
UL centrifuge tube. Subsequently, the LFD was directly dipped
into the product-buffer mixture. The visual result should be
observed within 5 min.

RPA-nfo conditions and optimization

In order to obtain optimal primer and probe conditions,
various combinations were assessed and tested by examining
the detected specificity and sensitivity. Next, the incubation
temperature and duration of the RPA-nfo reaction were

Table 2. Recombinase polymerase amplification primers and probes designed in this study

Genome location

Name Sequence (5°-3") (GenBank: X16293.1) Amplification size (bp)
1S900-F1 AATCAACTCCAGCAGCGCGGCCTCGTCGT 1095-1123 235
1S900-F2 TCGTCGTTGGCCACCCGCTGCGAGAGCAAT 1111-1146 213
1S900-F3 TGCAGTAATGGTCGGCCTTACCGGCGTCCA 1172-1201 158
1IS900-R1 Biotin-ACTCGACCGCTAATTGAGAGATGCGATTG 1301-1329
1S900-LF probe 1 FAM-CCACAACCACCTCCGTAACCGTCATTGTC 1223-1269 107

[dSpacer] AGATCAACCCAGCAGAC-C3 Spacer
1S900-F4 ATCAGCGCGGCACGGCTCTTGTTGTAGTCG 691-720 259
1S900-F5 GCGTTCCAGCGCCGAAAGTATTCCAGCAG 726-754 224
1S900-F6 AGCAGCTGGGCGCGCATTCGGTTCGATCG 750-778 200
1S900-R2 Biotin-CGGGTAGTTACCGCGGCGAAGGCAAGAC 922-949
I1S900-LF probe 2 FAM-ATCAGCCACCAGATCGGAACGTCGGCTG 789-836 161

[dSpacer] TCAGGATGCGCAGCTCGAC-C3Spacer

FAM, 6-carboxyfluorescein; dSpacer, exonuclease site; C3 Spacer, a polymerase extension blocking site.
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evaluated according to the supplier’s (TwistDX) instructions
and as reported previously [11]. The tested temperature range
was 20°C to 50°C, and time range tested was 1 to 35 min.

Testing the specificity and sensitivity of the RPA-LFD assay

The specificity of the RPA-LFD assay was determined by
using DNA from the bacterial strains listed in Table 1. The
genomic DNA of M. paratuberculosis and nuclease-free water
were used as the positive and negative controls, respectively, in
every run. All bacteria species were provided by BNCC and
grown on media by following the instructions given by the
BNCC. The analytical sensitivities of the RPA-LFD and qPCR
assays were tested in a template with 10-fold serial dilutions of
plasmid standard DNA from 4 x 10° to 4 genome copies per
microliter.

gPCR assay

The qPCR assay for M. paratuberculosis was performed as
described previously [9]. Forward primers M-F (5'-
CCACAACCACCTCCGTAACC-3") and reverse primers M-R
(5'-CGCTAATTGAGAGATGCGATTG-3") were used to amplify
a 100 base pair sequences in the 1223-1322 regions of the 5900
gene. The reaction was prepared as a 20 UL reaction volume
containing 2% SYBR Green Premix, the forward and reverse
primers (10 mM, 0.7 uL each), and 2 uL of DNA template. The
following thermal cycling parameters were used: initial
denaturation at 95°C for 30 sec, followed by 40 cycles of 95°C
for 5 sec, and 60°C for 20 sec. Melting curves parameters were:
95°C for 5 sec, then 1 cycle of 60°C for 1 min, and 95°C for 5 sec
followed by a final cooling step at 50°C for 30 sec. The results

A1 2 3 4 5 6 M

<«— 1000 bp
<«— 700 bp

«—500 bp
«—400 bp

«—300 bp
«—200 bp

<«— 100 bp

Control —
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were analyzed by using gene scanning software version 1.5
(Roche, Germany). After qPCR, melting curves were analyzed
to confirm the specificity of the amplified product.

Detection of M. paratuberculosis antibody

In order to compare the performance of the RPA-LFD and
ELISA assays, 292 serum samples were tested for the presence
of antibodies to M. paratuberculosis by using a commercial
antibody test kit (IDEXX, USA). Specific operation steps
followed the manufacturer’s instructions.

Statistical analysis

The experimental data were stored in a Microsoft Excel 2007
spreadsheet (Microsoft, USA). Statistical analysis was performed
by using SPSS software (ver. 16.0; SPSS, USA). The independent-
samples #-test was used to evaluate the results. For all analyses,
p < 0.05 was considered to indicate significance. The diagnostic
performance of the RPA-LFD, qPCR, and ELISA assays were
assessed by calculating the sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV), 95%
confidence interval, and coincidence rate as described previously
[15].

Results

Screening of M. paratuberculosis RPA-nfo primer and probe

The specificities and sensitivities of the RPA-nfo primer and
probe sets were assessed by agarose gel electrophoresis. The
various primer pairs and LF (TwistAmp reaction kit; TwistDx,
UK)-probes combinations were classified according to

—

Test —»

-

Fig. 1. Screening of Mycobacterium paratuberculosis recombinase polymerase amplification-lateral flow dipstick (RPA-LFD) primer
and probe. (A) The products of the RPA-nfo reaction were detected by agarose-gel electrophoresis from six primer and probe
combinations (F1-LF1-R1, F2-LF1-R1, F3-LF1-R1, F4-LF2-R2, F5-LF2-R2, and F6-LF2-R2; Table 2). (B) ‘a’ shows results of six RPA-nfo
reactions on LFD and the DNA template from M. paratuberculosis genomic DNA; and ‘b’ shows negative control (DNase-free water)
results for the corresponding combination of primers and probe. Lane 1, F1-R1 (235 bp); Lane 2, F2-R1 (213 bp); Lane 3, F3-R1 (158
bp); Lane 4, F4-R2 (259 bp); Lane 5, F5-R2 (224 bp); Lane 6, F6-R2 (200 bp); M, molecular weight standard (DNA marker 1,000).
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specificity and product yield. The performance of the primer
and probe in electrophoresis is demonstrated by non-specific
amplification (panel A in Fig. 1). In same-primer pairs and
LF-probe sets, the second group strip was the brightest in the
LFD, and it took the shortest time in the test zone position (panel
B in Fig. 1). Due to resource constraints, one set
(IS900-F2-IS900-R1 with IS900-LF probe 1) was chosen for
subsequent evaluations (Table 2).

Optimization of RPA-nfo reaction temperature and time

In order to determine the optimum reaction temperature for
the M. paratuberculosis RPA-LFD assay, a temperature range
of 20°C to 50°C was assessed through the reaction of 30 min.
The results indicated that the reaction could be effectively
completed over a wide interval of temperatures from 30°C to
45°C. However, the reaction band was brightest at a reaction
temperature between 37°C and 42°C (panel A in Fig. 2),
indicating the optimal temperature range for amplification
efficiency. Therefore, in subsequent RPA-LFD assays, the
selected reaction temperature was 39°C. The best reaction time
was evaluated over a duration scale of 1 to 35 min. The results
showed that a distinct band in the test zone position was visible
with 10 to 35 min reaction durations. However, the stripe was
very weak at 10 min (panel B in Fig. 2). Based on the results, the

50 (°C)

Control —

Test—

35 (min)

Control—

Test—>

Fig. 2. Optimization of incubation temperature and reaction time
for the Mycobacterium paratuberculosis recombinase
polymerase amplification-lateral flow dipstick (RPA-LFD) assay.
(A) Amplification performance of RPA-LFD assay was effective
within the range of 35°C to 45°C. (B) Determination of optimum
reaction time. After 10 min of amplification reaction, the test line
was clearly visible on the LFD strip; NC, negative control
(DNase-free water).
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time of incubation was set at 30 min for subsequent RPA-LFD
assay testing.

Specificity and sensitivity of M. paratuberculosis RPA-LFD
assay

The specificity of the RPA-LFD assay was tested by using
DNA extracted from a number of other pathogens that present
similarly in the clinic (Table 2). The RPA-LFD assay did not
detect the genomic DNA of those 10 bacteria; only the M.
paratuberculosis genomic DNA produced a positive result on
the LFD strip (Fig. 3). A gradient dilution of M. paratuberculosis
plasmid standard DNA (4 x 10° to 4 genome copies per
microliter) was used to evaluate the sensitivities of the RPA-
LFD and qPCR assays. The results showed that they all were
capable of detecting 8 copies per reaction standard DNA (Fig.
4); thus, they had the same threshold detection level.

Performance of RPA-LFD assay on fecal and serum samples

In order to compare the performance of RPA-LFD and qPCR
assays, 320 field fecal samples were examined in the same
sample set. The RPA-LFD assay had a slightly lower sensitivity
than that of the qPCR assay (Table 3). There were 114 positives
in the 320 samples in the RPA-LFD assay, and the positive rate
was 35.63%. The positive rate of the qPCR assay was 34.06%

Control —»

8 9

10 11 NC

|

i ¥

Test—»| st

Fig. 3. Specificity of the recombinase polymerase amplification-
lateral flow dipstick (RPA-LFD) assay. The DNA extracted was
detected from six strains Mycobacterium and five strains of other
bacterial pathogens causing cattle diarrhea; no cross-reactions
were detected. Lane 1, Mycobacterium avium subsp.
paratuberculosis; Lane 2, Mycobacterium bovis; Lane 3,
Mycobacterium tuberculosis; Lane 4, Mycobacterium avium;
Lane 5, Mycobacterium phlei; Lane 6, Mycobacterium
smegmatis; Lane 7, Escherichia coli O157:H7; Lane 8,
Salmonella typhimurium; Lane 9, Campylobacter jujuni; Lane
10, Clostridium perfringens; Lane 11, Leptospira interrogans;
NC, negative control (DNase-free water).
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Fig. 4. Comparison of sensitivities of the recombinase polymerase amplification-lateral flow dipstick (RPA-LFD) and quantitative
polymerase chain reaction (QPCR) assays. Molecular sensitivity test results of the two assays obtained by using 10-fold serially diluted
DNA as a template. (A) Results by qPCR. (B) Result by RPA-LFD. Lanes 1-8, a gradient dilution Mycobacterium paratuberculosis
plasmid standard DNA from 4 x 10° to 4 copies per microliter; NC, negative control (DNase-free water).

Table 3. Comparison of Mycobacterium avium subsp. paratuberculosis RPA-LFD and real-time quantitative polymerase chain reaction

(qPCR) assay results for fecal samples

Dairy No. of Real-time gPCR RPA-LFD

farm samples Positive Negative  Positive rate (%) Positive Negative  Positive rate (%)
A 27 5 22 18.52 5 22 18.52
B 56 21 35 37.50 25 31 44.64
C 21 2 19 9.52 2 19 9.52
D 68 28 40 41.18 30 38 44.12
E 42 9 33 21.43 10 32 23.81
F 16 3 13 18.75 3 13 18.75
G 50 32 18 64.00 31 19 62.00
H 12 2 10 16.67 2 10 16.67
| 15 0 15 0.00 0 15 0.00
J 13 7 6 53.85 6 7 46.15
Total 320 109 211 34.06 114 206 35.63

RPA-LFD, recombinase polymerase amplification-lateral flow dipstick.

(109/320) in the same sample set. The results from both assays
were not significantly different based on independent-samples
t-test results (¢ [18] =0.031, p=0.976; p > 0.05). The RPA-LFD
assay yielded 100% sensitivity, 97.63% specificity, and a
98.44% concordance rate with the qPCR assay (Table 4). The
results indicate that RPA-LFD and qPCR assays have very
almost the same detection performance. Finally, the serum
samples of 292 cattle were screened by the RPA-LFD assay and
ELISA, respectively. The positive rate of the ELISA assay was

36.99% (108/292); however, the RPA-LFD assay only detected
23.29% (68/292) positive rate in the same sample set (Table 5).
The performances of the RPA-LFD assay and ELISA assay are
summarized in Table 6, it shown the RPA-LFD assay yielded
88.24% sensitivity, 78.57% specificity, and a 95.65% NPV with
the ELISA assay. Based on the results, the RPA-LFD assay
should be used to test field samples in the future.
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Discussion

Paratuberculosis has become a common pathogen in dairy
farms [21]. However, widespread point-of-care testing is
infrequently performed due to the lack of a robust method. In
addition, little molecular epidemiological data for China has
been reported; therefore, an epidemiological survey of M.
paratuberculosis should be performed by on-site molecular
diagnostic assays. Because the specificity of the 5900 insertion
sequence is very strong in Mycobacterium and 15 to 20 copies
are present in the M. paratuberculosis genome, it is commonly
used as a molecular diagnostic identification feature in M.
paratuberculosis testing [2].

Unlike PCR and loop-mediated isothermal amplification
(LAMP) technologies, there is no software available to design
suitable RPA-nfo primers and a lateral flow probe [4]. Once

Table 4. Specificity, sensitivity, and predictive value of RPA-LFD
and quantitative polymerase chain reaction (QPCR) assays for
diagnosing Mycobacterium avium subsp. paratuberculosis
infection

RPA- Real-time qPCR
LFD — : Total %
Positive Negative
Positive 109 5 114 95.61 (PPV)
Negative 0 206 206 100 (NPV)
Total 109 211 320
% 100 97.63 98.44
(sensitivity) (specificity) (coincidence
rate)

RPA-LFD, recombinase polymerase amplification-lateral flow dipstick;
PPV, positive predictive value; NPV, negative predictive value.

candidate primer and a lateral flow probe have been defined
according to the appendix to the TwistAmp reaction kit manual,
their relative performances can be assessed and compared by
performing agarose-gel electrophoresis and LFD. Recent
studies have shown that the performance of primers can be
assessed by electrophoresis by using an RPA-basic kit [12,17].
However, some studies have reported that only one band is
shown in agarose-gel electrophoresis by RPA-nfo assay
[16,19]; thus, the results are inconsistent with the reaction
principle of the RPA-nfo assay.

The results of this study show that the amplification performance
of RPA-LFD assay is very stable over the range of 30°C to 45°C.
This makes the assay suitable for on-site field diagnosis
purposes. Moreover, the RPA-LFD assay has high specificity;
the primer sequences and probe have been analyzed by using
BLAST in GenBank, and there is no cross-reaction with other
bacteria. A panel of bacteria, including Mycobacterium and

Table 6. Specificity, sensitivity, and predictive value of ELISA
and RPA-LFD assay for diagnosing Mycobacterium avium
subsp. paratuberculosis infection

ELISA
T_l;/[\)- — . Total %
Positive Negative

Positive 60 48 108 55.56 (PPV)
Negative 8 176 184 95.65 (NPV)
Total 68 224 292

% 88.24 78.57 97.26

(sensitivity) (specificity) (coincidence
rate)

ELISA, enzyme-linked immunosorbent assay; RPA-LFD, recombinase
polymerase amplification-lateral flow dipstick; PPV, positive predictive
value; NPV, negative predictive value.

Table 5. Comparison of Mycobacterium avium subsp. paratuberculosis ELISA and RPA-LFD assay results for fecal and serum samples

Dairy No. of ELISA RPA-LFD

farm samples Positive Negative  Positive rate (%) Positive Negative Positive rate (%)
A 27 3 24 11.11 5 22 18.52
B 56 15 41 26.79 25 31 44.64
C 21 2 19 9.52 2 19 9.52
D 68 21 47 30.88 30 38 44.12
E 42 7 35 16.67 10 32 23.81
F 16 1 15 6.25 3 13 18.75
G 50 19 31 38.00 31 19 62.00
H 12 0 12 0.00 2 10 16.67
Total 292 68 224 23.29 108 184 36.99

ELISA, enzyme-linked immunosorbent assay; RPA-LFD, recombinase polymerase amplification-lateral flow dipstick.
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other major bacteria causing cattle diarrhea, were tested by
using PRA-LFD assay, which demonstrated that amplification
is restricted to the Mycobacterium tuberculosis complex strains.
Recent study has shown that the sensitivities of the RPA-LFD
and qPCR methods are essentially identical [19]. Our results
demonstrated that qPCR assay was slightly higher than that of
RPA-LFD; similarly, Yang et al. [20] reported that qPCR assay
was a little higher than RPA-LFD. As enzyme proteins can
affect electrophoresis, the various RPA amplification products
should be purified when they are analyzed by agarose gel
electrophoresis. However, this greatly increases the time and
procedures used in detection. Recent studies indicate that the
detection of an RPA product by the LFD assay has higher
sensitivity than that of agarose-gel electrophoresis [3,11,17].

In conclusion, to confirm the diagnostic suitability of an M.
paratuberculosis RPA-LFD assay, the same sample (n = 320)
set was determined by RPA-LFD and qPCR assays. The results
showed that the RPA-LFD assay can achieve the same detection
efficiency as that of qPCR; therefore, the RPA-LFD method for
detection of M. paratuberculosis should be considered an
effective molecular technology-based assay for rapid, low-
resource diagnostics. The DNA purification technology in the
RPA-LFD assay can be performed independent of a laboratory;
thus, this simple, on-site diagnosis assay can be widely used
both in developing countries with resource-constrained settings
and in field detection everywhere.
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